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LIQUID PHASE SINTERED SILICON
CARBIDE ABRASIVE PARTICLES

PRIORITY CLAIM AND CROSS-REFERENCE
TO RELATED APPLICATION

This application is a continuation of U.S. Non-Provisional
patent application Ser. No. 13/539,395, filed Jun. 30, 2012,
entitled “Liquid Phase Sintered Silicon Carbide Abrasive Par-
ticles,” naming Guan Wang et al. as inventors and claiming
priority to U.S. Provisional Patent Application No. 61/503,
476, filed Jun. 30, 2011, entitled “Liquid Phase Sintered
Silicon Carbide Abrasive Particles,” and naming Guan Wang
et al. as inventors, which is incorporated by reference herein
in its entirety.

BACKGROUND

1. Field of the Disclosure

This disclosure, in general, relates to abrasive articles
incorporating abrasive particles, and more particularly abra-
sive articles incorporating abrasive particles of silicon car-
bide.

2. Description of the Related Art

Silicon carbide has many uses. For example, solid state
sintered silicon carbide has been used quite successfully as
abrasive particles in various abrasive articles, such as bonded
abrasive articles and coated abrasive articles

Liquid phase sintered silicon carbide is quite different from
the solid phase silicon carbide. Liquid phase sintered silicon
carbide has been used to make seals and linings to be used in
corrosive environments. Liquid phase sintered silicon carbide
has not typically been used as abrasive particles.

SUMMARY

In one aspect, an abrasive article includes a bonded abra-
sive body having abrasive particles contained within a bond
material. The abrasive particles include silicon carbide and
are essentially free of carbon-based and boron-based sinter-
ing aid materials. In an embodiment, the bond material can
include a phenolic resin. In another embodiment, the bonded
abrasive body can include an oxide phase disposed intersti-
tially between the silicon carbide abrasive particles. In an
additional embodiment, the abrasive particles can consist
essentially of silicon carbide and aluminum oxide in a ratio of
silicon carbide to alumina of at least about 8:1.

In another aspect, a method of forming liquid phase sin-
tered silicon carbide abrasive particles includes forming a dry
mixture of silicon carbide and a sintering aid. The sintering
aid can be essentially free of boron and carbon. The method
also includes forming a wet mixture of the silicon carbide, the
sintering aid, and at least one carrier liquid. In an embodi-
ment, the method includes treating the wet mixture in a liquid
phase sintering process to form a ceramic article and crushing
the ceramic article to form silicon carbide abrasive particles.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood, and its
numerous features and advantages made apparent to those
skilled in the art by referencing the accompanying drawings.

FIG.1includes a flow chart illustrating a method of making
liquid phase sintered silicon carbide abrasive particles in
accordance with an embodiment.
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FIG. 2 includes an scanning electron microscope (SEM)
image of a portion of a liquid phase sintered silicon carbide
abrasive particle in accordance with an embodiment.

FIG. 3 includes an SEM image of a portion of a liquid phase
sintered silicon carbide abrasive particle in accordance with
an embodiment after undergoing a chemical etching process.

FIG. 4 includes an SEM image of a portion of a solid-state
sintered silicon carbide abrasive particle.

FIG. 5 includes an SEM image of a portion of a solid-state
sintered silicon carbide abrasive particle after undergoing a
chemical etching process.

FIG. 6 includes a perspective view of a bonded abrasive
wheel incorporating silicon carbide abrasive particles accord-
ing to an embodiment.

FIGS. 7-12 include illustrations of shaped abrasive par-
ticles including the abrasive particulate material according to
an embodiment.

FIG. 13 includes a perspective view illustration of an abra-
sive particle in accordance with an embodiment.

FIG. 14 includes a cross-sectional illustration of a portion
of the abrasive particle of FIG. 13.

FIG. 15 includes a bar chart illustrating a relative perfor-
mance ratio for various bonded abrasive grinding wheels used
to grind a titanium alloy; and

FIG. 16 includes a bar chart illustrating a G-ratio for vari-
ous bonded abrasive grinding wheels during grinding of a
white cast iron workpiece.

The use of the same reference symbols in different draw-
ings indicates similar or identical items.

DETAILED DESCRIPTION

Referring initially to FIG. 1, a method of making liquid
phase sintered silicon carbide abrasive particles is shown and
is generally designated 100. The method 100 commences at
step 102 by forming a dry mixture including silicon carbide
and a sintering aid material. The mixture can be formed in a
mixer. The sintering aid material may include an oxide. Fur-
ther, the oxide may include alumina. In particular, the oxide
may consist essentially of alumina.

In some embodiments, the silicon carbide can be provided
as a powder having a particular particle size distribution. For
example, in one embodiment, silicon carbide particles can
have a D10 value of at least about 0.18 microns, at least about
0.23 microns, or at least about 0.27 microns. In another
embodiment, silicon carbide particles can have a D10 value
no greater than about 0.42 microns, no greater than about 0.37
microns, or no greater than about 0.30 microns. It will be
appreciated that the D10 value for silicon carbide particles
may be within a range between, or including, any of the
minimum and maximum noted above.

In an embodiment, silicon carbide particles can have a D50
value of at least about 0.75 microns, at least about 0.83
microns, or at least about 0.90 microns. In an additional
embodiment, silicon carbide particles can have a D50 value
no greater than about 1.20 microns, no greater than about 1.04
microns, or no greater than about 0.95 microns. It will be
appreciated that the D50 value for silicon carbide particles
may be within a range between, or including, any of the
minimum and maximum noted above.

Further, silicon carbide particles can have a D90 value of at
least about 1.7 microns, at least about 1.9 microns, or at least
about 2.1 microns. In another embodiment, silicon carbide
particles can have a D90 value no greater than about 2.6
microns, no greater than about 2.4 microns, or no greater than
about 2.2 microns. It will be appreciated that the D90 value
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for silicon carbide particles may be within a range between, or
including, any of the minimum and maximum noted above.

It will be appreciated that the sintering aid material may be
a powder material. The sintering aid material may include an
average particle size of at least about 0.07 microns, such as at
least about 0.08 microns, at least about 1.2 microns, or even at
least about 1.5 microns. Further, the sintering aid material
may include an average particle size no greater than about 2.6
microns, no greater than about 2.2 microns, or no greater than
about 1.8 microns. It will be appreciated that the average
particle size of the sintering aid material may be within a
range between, or including, any of the minimum and maxi-
mum sizes noted above.

In an embodiment, the dry mixture can include at least
about 88 wt % silicon carbide for a total weight of the dry
mixture, at least about 91 wt % silicon carbide for a total
weight of the dry mixture, or at least about 94 wt % silicon
carbide for a total weight of the dry mixture. In other situa-
tions, the dry mixture can include no greater than about 99
wt % silicon carbide for a total weight of the dry mixture, no
greater than about 97 wt % silicon carbide for a total weight
of the dry mixture, or no greater than about 96 wt % silicon
carbide for a total weight of the dry mixture. It will be appre-
ciated that the silicon carbide content of the dry mixture can
be within a range between, or including, any of the minimum
and maximum values noted above.

In particular instances, the dry mixture can include at least
about 0.5 wt % sintering aid for a total weight of the dry
mixture, at least about 2 wt % sintering aid for a total weight
of'the dry mixture, or at least about 4 wt % sintering aid for a
total weight of the dry mixture. In other situations, the dry
mixture can include no greater than about 9 wt % sintering aid
for a total weight of the dry mixture, no greater than about 7
wt % sintering aid for a total weight of the dry mixture, or no
greater than about 5 wt % sintering aid for a total weight of the
dry mixture. It will be appreciated that the sintering aid con-
tent of the dry mixture can be within a range between, or
including, any of the minimum and maximum values noted
above.

At102, the method 100 can include forming a wet mixture
that includes the silicon carbide, the sintering aid, and a liquid
carrier. The liquid carrier may include water. Further, the
liquid carrier may include an organic material. Some suitable
organic materials can include polyvinyl alcohol (PVA) poly-
ethylene glycol (PEG), triethanolamine (TEA), or a combi-
nation thereof. In one particular instance, the liquid carrier
can include a 21% solution of PVA. In an illustrative embodi-
ment, the liquid carrier can include PEG 400.

In one embodiment, the wet mixture can include at least
about 36 wt % water for a total weight of the wet mixture, at
least about 39 wt % water for a total weight of the wet
mixture, or at least about 41 wt % water for a total weight of
the wet mixture. In other cases, the wet mixture can include
no greater than about 51 wt % water for a total weight of the
wet mixture, no greater than about 46 wt % water for a total
weight of the wet mixture, or no greater than about 43 wt %
water for a total weight of the wet mixture. It will be appre-
ciated that the water content of the wet mixture can be within
arange between, or including, any of the minimum and maxi-
mum values noted above.

The dry mixture and the liquid carrier may be mixed until
the component materials are well dispersed within each other.
The mixing process can have a duration of at least about 6
hours, at least about 14 hours, or at least about 24 hours. In
some embodiments, the mixing process can have a duration of
no greater than about 48 hours, no greater than about 37
hours, or no greater than about 28 hours. It will be appreciated
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that the duration of the mixing operation can have a duration
within a range between, or including, any of the minimum and
maximum values noted above.

In a particular embodiment, the wet mixture may include a
particular ratio of dry mixture components (i.e., the silicon
carbide and the sintering aid) to liquid carrier. For example,
the ratio may be at least about 1:1, such as at least about 1.1:1,
atleastabout 1.18:1, or even at least about 1.2:1. Moreover, in
another aspect, the ratio may be no greater than about 1.3:1,
such as no greater than about 1.25:1, or even no greater than
about 1.22:1. It will be appreciated that the ratio of dry mix-
ture to liquid carrier can within a range between, or including,
any of the minimum and maximum ratios noted above.

After forming the wet mixture, the method 100 can con-
tinue at 106 by treating the wet mixture to form an article. In
some embodiments, treating the wet mixture can form a
ceramic article. Treating the wet mixture may include the
application of temperature, the application of pressure, the
application of a chemical to facilitate a physical change in the
wet mixture, or a combination thereof.

In particular instances, the treating process can include a
sintering process, wherein grains of the silicon carbide and
sintering aid material are densified under high temperatures.
For example, treating the wet mixture may include transfer-
ring the mixture to akiln. The mixture may be sintered within
the kiln to form a ceramic article. In an embodiment, the
sintering process can have a duration of at least about 0.5
hour, at least about 0.7 hours, or at least about 1.0 hours. In
other cases, the sintering process can have a duration of no
greater than about 2.2 hours, no greater than about 1.8 hours,
or no greater than about 1.4 hours. It will be appreciated that
the duration of the sintering process can have a duration
within a range between, or including, any of the minimum and
maximum values noted above.

Further, in a particular aspect, the mixture can be sintered
at a temperature of at least about 1800° C. In another aspect,
the mixture can be sintered at a temperature of at least about
1850° C., such as at least about 1880° C. or even at least about
1910° C. In another aspect, the mixture can be sintered at a
temperature no greater than about 2100° C., no greater than
about 2070° C., or even no greater than about 2030° C. It will
be appreciated that the sintering temperature can be within a
range between, or including, any of the minimum and maxi-
mum temperatures noted above.

In particular instances, treating can include a sintering
process, which may further utilize the application of pressure.
For example, treating can include pressing, and more particu-
larly, hot pressing, such as hot isostatic pressing (HIPing). In
some embodiments, the hot isostatic pressing process can
include heating at a rate of no greater than about 13° C./min.,
no greater than about 10° C./min., or no greater than about 7°
C./min up to a specified temperature. In an embodiment, the
specified temperature for the hot isostatic pressing process
can be no greater than about 1980° C., no greater than about
1940° C., or no greater than about 1900° C. In certain aspects,
the specified temperature for the hot isostatic pressing pro-
cess can be at least about 1810° C., at least about 1840° C., or
atleast about 1870° C. It will be appreciated that the specified
temperature of the hot isostatic pressing process can be within
a range between, or including, any of the temperatures noted
above.

The hot isostatic pressing operation can take place in a
particular atmosphere, such as in an atmosphere including an
inert gas. In an illustrative embodiment, the hot isostatic
pressing operation can take place in an argon atmosphere. The
hot isostatic pressing operation can also take place at a speci-
fied pressure. In some embodiments, the pressure for the hot
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isostatic pressing operation can be at least about 1800 atm, at
least about 1900 atm, or at least about 2000 atm. In other
embodiments, the pressure for the hot isostatic pressing
operation can be no greater than about 2200 atm or no greater
than about 2100 atm. It will be appreciated that the pressure of
the hot isostatic pressing operation can be within a range
between, or including, any of the pressures noted above.

Additionally, the hot isostatic pressing process can include
a soak operation for a duration of no greater than approxi-
mately 2 hours, no greater than approximately 1.5 hours, or
no greater than approximately 1.0 hours. In certain embodi-
ments, the soak duration for the hot isostatic pressing process
can be at least approximately 0.5 hours or at least approxi-
mately 0.8 hours. It will be appreciated that the soak duration
of the hot isostatic pressing process can be within a range
between, or including, any of the values noted above. After
completion of the hot isostatic pressing process, the ceramic
article can cool naturally to a suitable temperature.

Notably, the sintering process can include a liquid phase
sintering process. Liquid phase sintering can be characterized
by the formation of a liquid phase from at least a portion of
one of the components within the mixture. For example, the
sintering aid component of the mixture may be treated such
that at least a portion of the sintering aid forms a liquid phase.
Accordingly, such treating processes can form liquid phase
sintered silicon carbide.

In another particular aspect, treating may be conducted in
a particular atmosphere. For example, the atmosphere may
comprise an inert gas including, for example, neon, argon,
nitrogen, or a combination thereof. In other instances, the
atmosphere can be a reducing atmosphere.

After completing the treating process at 106, the method
100 can continue at 108 by altering the article. Altering the
ceramic article may include forming an abrasive particulate
material. In one embodiment, forming abrasive particulate
material can include comminuting the ceramic article. For
example, the comminuting process can include crushing the
ceramic article in a crusher to yield liquid-phase sintered
silicon carbide abrasive particles (LPS-SiC). For example,
the crusher may be a jaw crusher. However, another suitable
type of crusher may be used to crush the ceramic article. In
some instances, the crushing operation can be performed by a
roller crusher or a jet mill at room temperature.

After the altering operation performed at 108, the method
100 may continue at 110 with sorting the abrasive particles,
which include liquid phase sintered silicon carbide. The sort-
ing process undertaken at 110 may include sorting the abra-
sive particles by size, shape, or a combination thereof. In one
embodiment, the abrasive particles may be screened in order
to sort the abrasive particles into one or more different grit
sizes using one or more mesh screens.

The abrasive particles may include an average particle size
of at least about 0.1 microns, at least about 1 micron, at least
about 3 microns, at least about 8 microns, at least about 12
microns, at least about 20 microns, at least about 25 microns,
at least about 30 microns, at least about 35 microns, at least
about 40 microns, or even at least about 50 microns. In
another embodiment, the abrasive particles can include an
average particle size of not greater than about 3000 microns,
not greater than about 2500 microns, not greater than about
1700 microns, not greater than about 1100 microns, not
greater than about 800 microns, not greater than about 500
microns, not greater than about 425 microns, not greater than
about 375 microns, not greater than about 320 microns, not
greater than about 200 microns, or even not greater than about
90 microns. It will be appreciated that the average particle
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size can be within a range between, or including, any of the
minimum and maximum sizes noted above.

FIG. 2 includes an illustration of an SEM image of a
portion of an abrasive particle 200. In particular, the abrasive
particle 200 represents a SEM image of liquid phase sintered
silicon carbide abrasive particle according to an embodiment
of'the present disclosure. As shown in FIG. 2, the SEM image
indicates that the abrasive particle 200 can include silicon
carbide grains 202 and a sintering aid material 204.

In one embodiment abrasive particle 200 can be essentially
free of carbon-based and boron-based sintering aid materials.
In another embodiment, the abrasive particle can be essen-
tially free of yttria, silica, phosphates, phosphides, alkali ele-
ments, alkaline earth elements, rare earth elements, transition
metal elements, silicides, aluminides, or a combination
thereof.

The abrasive particles of the embodiments herein can
include silicon carbide. In particular instances, the abrasive
particles can include silicon carbide grains made of liquid
phase sintered silicon carbide (LPS-SiC). In fact, the abrasive
particle can include grains consisting essentially of liquid
phase sintered silicon carbide (LPS-SiC).

The abrasive particles formed according to the embodi-
ments herein can have at least about 90 wt % silicon carbide,
at least about 92 wt % silicon carbide, or at least about 93
wt % silicon carbide. In another embodiment, the abrasive
particles can include no greater than about 99 wt % silicon
carbide, no greater than about 97 wt % silicon carbide, or no
greater than about 95 wt % silicon carbide. It will be appre-
ciated that the amount of'silicon carbide can be within a range
between, or including, any of the minimum and maximum
percentages noted above.

In a particular aspect, the abrasive particle 200 can include
silicon carbide grains. The silicon carbide grains can have an
average grain size of at least about 0.01 microns, at least about
0.05 microns, at least about 0.1 microns, at least about 0.4
microns, at least about 0.6 microns, or even at least about 1
micron. Further, the silicon carbide grains can have an aver-
age grain size of not greater than about 100 microns, not
greater than about 50 microns, not greater than about 25
microns, not greater than about 10 microns, or not greater
than about 1 micron. It will be appreciated that the average
particle size can be within a range between, or including, any
of the minimum and maximum sizes noted above.

As illustrated in FIG. 2, the abrasive particles of the
embodiments herein can include a sintering aid material con-
tained within the matrix of the particle. In particular, the
sintering aid material 204 can be a separate and distinct phase
from the silicon carbide grains 202. In particular instances,
the sintering aid material 204 can be an interstitial phase
formed at the grain boundaries between the silicon carbide
grains 202. As shown in FIG. 2, the SEM image indicates that
the abrasive particle 200 can include silicon carbide grains
202 and a sintering aid material 204.

According to one embodiment, the sintering aid material
204 can include an oxide material. Suitable oxides can
include alumina. In particular embodiments, the sintering aid
material 204 can consist essentially of alumina.

The abrasive particles formed according to the embodi-
ments herein can include a particular content of the sintering
aid material. For example, the abrasive particles may include
a content of the sintering aid material, which can include an
oxide, of not greater than about 5 wt %, not greater than about
4.5 wt %, not greater than about 4 wt %, not greater than about
3.5 wt %, or even not greater than about 3 wt % for the total
weight of the particles. In another embodiment, the abrasive
particle 200 can include a content of the sintering aid mate-
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rial, which can be an oxide, of at least about 0.1 wt %, at least
about 0.5 wt %, at least about 0.8 wt %, at least about 1 wt %,
at least about 1.5 wt % for the total weight of the particles. It
will be appreciated that the oxide content can be within a
range between, or including, any of the minimum and maxi-
mum percentages noted above.

In certain instances, the abrasive particles can consist
essentially of silicon carbide and alumina. In particular, the
abrasive particle can include a ratio of silicon carbide to
alumina. The ratio of silicon carbide to alumina can be at least
about 8:1, at least about 9:1, or at least about 10:1. Alterna-
tively, according to another embodiment, the ratio can be no
greater than about 40:1, no greater than 30:1, or no greater
than about 25:1. It will be appreciated that the ratio can be
within a range between, or including, any of the minimum and
maximum ratios noted above.

In another aspect, the abrasive particles can include a theo-
retical density of at least about 96%, at least about 97%, at
least about 98%, or at least about 99%.

Further, in one embodiment, the abrasive particle can have
aparticular strength. For example, the strength of the abrasive
particles can be of at least about 700 MPa, at least about 750
MPa, at least about 800 MPa, at least about 825 MPa, or even
at least about 850 MPa, wherein strength is measured as a
Modulus of Rupture by a 4 point bend test. Still, in another
embodiment, the abrasive particle can include a strength of
not greater than about 1200 MPa, or even not greater than
about 1100 MPa, wherein strength is measured as a Modulus
of Rupture by a 4 point bend test. It will be appreciated that
the strength can be within a range between, or including, any
of the minimum and maximum strength values noted above.

According to an embodiment, the abrasive particles can
include a Knoop hardness of at least about 27 kgf/mm?, such
atleast about 28 kgf/mm?, or even at least about 29 kgf/mm?.
In yet other instances, the Knoop hardness of the abrasive
particle may not be greater than about 35 kgf/mm?, such as
not greater than about 32 kgf/mm?, or not greater than about
30 kgf/mm?>. It will be appreciated that the Knoop hardness
can be within a range between, or including, any of the mini-
mum and maximum Knoop hardness values noted above.

FIG. 3 includes an SEM image of a portion of a liquid phase
sintered silicon carbide abrasive particle 300 in accordance
with an embodiment after undergoing a chemical etching
process.

FIG. 4 includes an SEM image of a portion of a solid-state
sintered silicon carbide abrasive particle 400.

FIG. 5 includes an SEM image of a portion of a solid-state
sintered silicon carbide abrasive particle 500 after undergoing
a chemical etching process

Referring to FIG. 6, a bonded abrasive wheel is shown and
is generally designated 600. As shown, the bonded abrasive
wheel 600 can include a generally cylindrical bonded abra-
sive body 602. The bonded abrasive body 602 can include a
plurality of abrasive particles contained within a bond mate-
rial, which can be abrasive particles formed according to the
embodiments herein and having any of the attribute of the
abrasive particles according to embodiments herein. Notably,
the abrasive particles can be liquid phase sintered silicon
carbide abrasive particles.

In a particular aspect, the bond material can include an
organic material. For example, the bond material can include
apolymer, such as a thermosetting polymer. Alternatively, the
bond material can include a formaldehyde. Suitable formal-
dehydes for use in the bond material can include resins, such
as a phenolic resin.

In an alternative embodiment, the bond material may
include an inorganic material. For example, the inorganic
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material can include a metal, metal alloy, vitreous, crystalline
(e.g., ceramic) material or a combination thereof. In one
particular embodiment, the bond material can include a vit-
reous material. In another instance, the bond material can
include a ceramic, such as an oxide, which may be in the form
of a vitreous material.

In another aspect, the bond material can include a hybrid
bond material that can include an inorganic material and an
organic material.

In an embodiment, the bonded abrasive body 302 can
include a G-ratio of at least about 200 for grinding a work-
piece comprising metal for a depth of cut of at least about
0.0005 inches. The G-ratio can be a measure of weight of
material removed from a workpiece divided by the weight of
material lost from the bonded abrasive body 302. In particu-
lar, the G-ratio can be at least about 210, at least about 225, at
least about 250, at least about 275, at least about 290, at least
about 300, at least about 310, or even at least about 320. In
another embodiment, the G-ratio can be not greater than
about 1000, or not greater than about 900. It will be appreci-
ated that the G-ratio can be within a range between, or includ-
ing, any of the minimum and maximum G-ratios noted above.

In another aspect, the G-ratio can be within a range
between about 150 and 400, within a range between about
175 and about 400, within a range between about 200 and
about 400, within a range between about 225 and about 400,
within a range between about 250 and about 400 for a work-
piece comprising Ti.

In still another aspect, the G-ratio can be within a range
between about 150 and about 800, within a range between
about 200 and about 800, within a range between about 400
and about 800, or between about 500 and about 800, within a
range between about 550 and about 700 for a workpiece
comprising iron.

In another aspect, the bonded abrasive body 302 can have
a G-ratio of at least about 2 times the G-ratio of a body
including solid-phase sintered silicon carbide abrasive par-
ticles during grinding of a Titanium alloy workpiece, a cast
iron workpiece, or both, at a speed of at least about 60 feet per
minute. Further, the bonded abrasive body 302 can have a
G-ratio of at least about 2.5 times, at least about 3 times, at
least about 4 times, or at least about 5 times of a body includ-
ing solid-phase sintered silicon carbide abrasive particles dur-
ing grinding of a titanium alloy workpiece, a cast iron work-
piece, or both.

In some embodiments, the abrasive particles can be formed
to have a specific shape or contour. Suitable forming tech-
niques can include extrusion, molding, screen printing, cast-
ing, punching, embossing, pressing, cutting, and a combina-
tion thereof. For example, the abrasive particles can have a
specific contour, such as a polyhedral shape, including for
example, triangular, rectangular, pentagonal, hexagonal,
conical, helical,